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( 54) FERROMAGNETIC p-TYPE SINGLE CRYSTAL ZINC OXIDE AND METHOD FOR 
PREPARATION THEREOF 



(57) The present Invention provides a single-crystal 
ZnO thin film having a high ferromagnetic transition tem- 
perature. In one aspect of the present invention, the ZnO 
thin film comprises a ferromagnetic p-type single-crystal 
zinc oxide Including a transition metal element consist- 
ing of Mn, and a p-type dopant. In another aspect ot the 
present Invention, the thin film comprises a ferromag- 
netic p-type single-crystal zinc oxide Including a transi- 



tion metal element consisting of Mn, a p-type dopant, 
and an n-type dopant. The single-crystal zinc oxide ma- 
terial can be applied to quantum computers and high- 
capacity magnetic-optical recording medium by combin- 
ing with conventional n-type or p-type transparent elec- 
trode ZnO materials or optical fibers, and to powerful 
Information-communication devices or quantum com- 
puters as a photoelectric material usable for a wide 
range from visible light to ultraviolet I-"** 
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Description 
TECHNICAL FIELD 

pool, The present mvenOon relate, to a Mtwloped forremagne* p*. s*gk~y«a. zinc ox«e ma*ria, and a 
manutacturtng method thereof. 

BACKGROUND ART 

,000* Z,nc ex** Is • metsria. . '^^^^p^ 
There has been known a method lor producing through e spattering jSC^Vl-hdwto components 
sutable transparency and ^^. 0^" f ^^^CaS»een known (or producing a trans- 
(Japanese Patent Lald-Open Publrcatlon No Hel OMSMM). * ""TV ^ ^ oxkie of material with 

paTent zinc oxide material having an electrically °' ^^SSnZ^hydwlhennal process has 
a doping materia. (Japanese Patent Lard-Open PuModonJ ^„3ofadn iecnZl Including zinc oxide 
bwnknUaaamethodlorprodu^^^^ 

as a primary component (Japanese P^ntUld-Open ™^ to ^^ 

. u ch zinc oxide materials. It has not b^n reports l^ach^e a fe^agn«K temperature 
[0003] Achieving a slngle^ystal ZnO » ^*£l?^5S i fcm cSetf transmltUng larger amount 

spin fn Mn doped Into ZnO being a wide-gap semiconductor. 
DISCLOSURE OF INVENTION 
" rnnnsi in order to achieve the above object, the Inventors have successfully developed b new method forcontroUlng 

rTMn-dopedZnOeausesr^ 

state than an anttferromagnellc or paramagnetic state, the p-type elngle«rystal zinc oxide material can be provided 
40 with a stable ferromagnetic critical temperature. i^mannoK?. ainolfl- 

[00071 Further, accordlnfl to another aapee* of the present Invention, there la provided a P-^ >«™W** ' **• 
Usta ZnO materia. Inducing Mn. which I. a trenetlon metal element acUng adding partto *™ 
magnetism, and a p-type dopant (hole), wherein en n-type dopant la further Included together wtth the p-type dopant 
achieving of Z p4ype shghxrystal ZnO capable of providing algnlflcantty Increased Itinerant hole to 
« enhance a ferromagnetic Interaction between Mn tons. .^.^.,j(.hl» 
[0008] The p-type dopantmay be one or more components selected from a group consisting of C, N. and anysuttable 
oxide thereof (e.g. CO* CO, NjO. NO. or NO,). The n-type dopant may be one or more •wsntaeel^edftom a 
group consisting of B. Al. In, 6a, Zn. H. and any suitable oxide thereof (e.g. AfeO,, 10203,68203. 0 ZnO). 
[0009] An entire ratio of Mn Is Incorporated Into ZnO as a solid solution. Thus, the concentration of Mn InAidedm 
» t h efem™gnetfc p-type slngle^ta!**!.^^ 

[00101 The ferromagnetic p-type slnglo-ciystal ZnO material of the present Invention comprises a single crystal ZnO 
Kg . hTcor^nLlonVTx 10« cnS or more, and a tow resistance (in • cm or teas) kKrea^ng^hote 
concentration makes the doped-hole Itinerant around Mn Ions, and thereby the kinetic energy of meholer^uced 
This provides further stabilized ferromagnetic state and Induces an enhanced ferromagnetic Interaction between Mn 

100111 The ferromagnetic p-type single-crystal ZnO material of the present Invention has a J^ 0 J] w ^^ e *|' n **l'" 
critical temperature of 150 K or more. When Mn Is doped Into ZnO. Mn substitutes for sites of Zn havkig a radial size 
close to that of Mn with keeping a wurtztte structure, or Zn* la substituted by Mn*. Thus. Mn goes Into a hlglvspln 
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state hav*, an electrons^ 

Z L concentration. Th* aHowa the l ^^*^2lZZ^ £SKj^ conltn*". 
peratureto towor temperature "^ b ^S^„ ^ prov i^ a method (or manufacturing me 

m013] According to eta another aspect of tho P"^"' 1 "™"' an atomic gas from a solid-slate 

Llrdloned.e^ 

source of 2n or Zn oxlda and an eeOvated tuchi8t he MOCVO procoaa or MBE process, an 

[0015 Preferably, the substmtehasatem^re^me^geo,^ 

causes significantly towered growth rate of the thin I'^^S^f^Tto cTses degraded crysta.ttab.Uty and 
than BOO-C lead, to Intensive release of oxygen and IrKfeased de^ jns ca UB e eg substrate 

lowered doping effect. The substrate may '^^J^j£i^itam. cloture as thai 
fom^wnhSiO.asapphlre single^ 

of ZnO and substantially the same lattice constant as that of ZnO. Tnere» g respectiv8 bate con- 

substrates. Further, a chromium oxide layer ort^m .n crystal tatdce. 

be controlled by adjusting the Mn concentration and p-type dopant «~^ >n J ™» £^L*i ration and** tte 

I "i L o ftf 1 o Thk allows ZnO to be doped at a high concentration to tho extent of 1 0™ cm * to 1 0" 

'c^as^^^ 

the Itinerary hole, the ferromagnetic state of Mn can be changed Into a ground state to achieve further stabilized fer 

40 SFS!Z*» sptn S in Mn doped Into ZnO is IB, and the exchange split (up to 3 eV) ofM^te ^er 
maMhe crystal field spire (up to 0.8 eV)thereof. which shows that a desirable high-spin state Is achieved Doping a 
S WotuTa systS. in a ferromagnetic state maKes the doped-hole Itinerant around Mn Ions In a crystid w^out 
InvertTng any spinous, the kinetic errcrgy of the hole Is reduced, and thereby thefenomegnetlc state Is more stabbed 

« than an antiferromagnetlc state. j_„ih«i„ iti n «rant in 

[0022] In the anUferromagnetic state. It Is required to Inverse the spin In order to make the ^P^^ 8 . 1 ^^ 
hecrystal.tnaddmontoloW^ 

ThuXneratlng the ferromagnetic state based on the doped-Mn with the Itinerant doped-hole can provide an efficient 
etectm^eoretk^rr^anlsmforstabilUlngmeferromagneticsu^ 
so state. 

BRIEF DESCRIPTION OF ORAWINGS 

[0033] Fig. 1 1s a schematic side view showing en apparatus for manufacturing a Mn-doped ferromagnetic (Hype 
» single-crystal ZnO material through the MBE process. , ^ _.,«h-i 

[0024] Fig. 2 la a graph showing the density In electronic states of a ferromagnetic p-type ZnO material codoped 
with Mn as a translUon metal element. Ga as a donor element, and N as en aoceptor element. 
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BEST MODE FOR CARRYING OUT THE INVENTION 

process will now be described based on an embodiment of the present Invention. 

5 

Embodiment 1 

, — * ^i™h uftthtn a vacuum chamber 1 maintained In a constant 
[0026] As shown m R 9 . 1. an A^ .substrate 2_ was^ ^^ r 73S ontoth . subs uate2to torWe. 
vacuum of 10*Torr. Then, bo* 

,o ^Othlnnimonthesubrfrate*^ 

having a purity of 98.99999 with a heater to bring ^em Into an biotmc w». radical cell, 

atomic ga'seVhavIng a purity ot 99.99999 «S^lSS!^V« » ^.5a MHz) exdtation type 
respectively. N serving es the p-type acceptor was a nHmgen radtej £ener« ^ J electromagnetic waves 
radWelbeamsource. 6a and Mn to be used w«e prepaid by ^^JnSSoal Into an atomic state under a 

„ to eech corresponding molecular gas or by bringing ^™^?f"^K{ntio frequencies) coll 3. a heater 
high temperature. As components for used In this processing. Fig. 1 shows an RF (radio irequena , 

4. an elemental cel. (Ge source) 5 and an ««™^ n J»"™^H as the p-type dopant end atomic Mn were 
[00271 During forming a film, while Ga as the n-type dopant, atomic N as me P" «« * 7 

'SSL el. .either along the surface of the '^^'^^^^^^^^i^ to 
20 respectively, desired crystal growth was Induced at each temperalure of 350 C. 400-C. 4»ro. 

form Mn-doped ferromagnetic p-type single-crystal ZnO thin films * measurem em8 through the SIMS, and 

2s peratures. 



substrate temperature 
CC) 


acceptor concentration 
(cm* 3 ) codoplng of Ga and 
N 


Mn concentration (mor%) 


350 


4x10* 8 


5.2 


400 


6x1 0* a 


8.0 


4S0 


6x10 19 


12.4 


600 


8X10 20 


25.3 


750 


8x10* 1 


34.5 



ferromagnetic transition 
temperature (K) 



150 
289 
389 
520 
780 



50 



[0029) As can be seen from the dependence ot the ferromagnetic transition temperature loni fce Mnwr^n^Uor^ 
the acceptor concentration, and the substrate temperature, higher concentrations of Mn and p-type carrier (bote) pro- 
vides higher ferromagnetic transition temperature (• K). Further, It can be seen that the fe ™™^ 
tween Mn Ions tends to Increase depending on the hole concentration, and the ferromagnetic Interaction between Mn 
spins tends to Increase In response to the Increase of the Mn concen&atlon. 
[0030] Fig 2 shows the der*ity in elects 

Ka high Icentretion. ^exchange split between the majority s^ 

crystal-field spilt Is about 0.6 eV, which shows that a hlgtvspin state (S = 5/2) has been achieved. The local magnet* 
moment at Mn sites Is 4.8 Bohr magneton (u*) per Mn atom. 

INDUSTRIAL APPLICABILITY 

[00311 As described above, the present Invention provides a novel ferromagnetic p-type single-crystal ZnO (zinc 
oxide) material Including Mn and a p-type dopant (hole). Tnls material can be applied to quantum computers andhig£ 
capacity magnetic-osteal recording medium by combining with conventional n-type or p-type transparent electrode 
ZnO materials or optical libera, and to powerful Information-communication devices or quantum computers as an op- 
toelectronic material usable for a wide range from visible light to ultraviolet light. 
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